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Abstraet--Stereochemical fundamentals such as chirality, conformation and configuration are charac- 
terized. Algebraic properties of chemical sets, and in part, chiral sets are analyzed. 
The stereochemical system as a whole has been consistently derived based on the definition of a 
molecule as the full set of all attainable conformations. A novel geometric theory of chirality is described 
which reveals the real sense of the elements of chirality. Finally, the mathematical foundations of 
stereocbemistry have been thoroughly discussed interms of the most important role played by the theorems 
of E. Noether, E. Ruch and K. G&lel for the problem of stereochemical configuration. For the latter, 
the analytical derivation as a function of the structural argument has been proposed for the first time. 
INTRODUCTION 
A range of ideas based on the conception of symmetry is extensively used in a variety of 
academic fields and general activities. In this context, one cannot help recalling a remarkable 
book by Hermann Weyl[l] that has paved the way for numerous ubsequent works treating 
various aspects of symmetry in science, the arts, and life. As an example, mention should be 
made of a fundamental study of Shubnikov and Koptsik[2]. Prior to Weyl, contributions on 
symmetry had been mostly of a descriptive nature[3], whereas following the publication of his 
Symmetry, mathematical aspects occupied an important, and often prevailing, position. Crys- 
tallography and versatile applications of mathematics to physics have been and remain the most 
important areas where the ideas of symmetry are being efficiently employed. Symmetry ap- 
proaches were long ago utilized by such sciences adjacent to physics and chemistry as spec- 
troscopy, via which symmetry concepts first intruded into the world of molecules. The impor- 
tance of symmetry-based approaches consists in that hey frequently allow qualitative, conceptual 
results to be obtained, diverting oneself rom more specific numerical data. For this reason 
symmetry approaches belong to nonnumerical mathematics. In this context I deem it expedient 
to incorporate into this paper some sections dealing with the application of nonnumerical 
mathematics in chemistry. It seems to me that the interdisciplinary nature of the present paper 
is suitable, in the best way possible, for communicating such ideas that are worth the notice of 
mathematicians with a view to informing them about he existence of such problems in chemistry, 
and in whose solution they can contribute. It is my feeling that such editions are primarily 
intended to strengthen links between different branches of science. 
This paper will discuss the basic conceptions of stereochemistry dealing with the spatial 
arrangement of molecules and extensively relying on ideas related to symmetry. Stereochemistry, 
resting on a fundamental triad--chirality, conformation, configuration--will be interpreted 
basically in the spirit of my monograph[4], with incorporation of recent results. 
Stereochemistry, whose emergence dates back to the early 19th century, when the optical 
activity of molecules was discovered, is in essence as old as organic chemistry. The first 
stereochemical theory put forward simultaneously b van't Hoff and Le Bel in 1874 accounted 
for the spatial structure of organic ompounds on the basis of the tetrahedral model of the carbon 
atom. The geometrical pproach to stereochemistry was further developed by Werner's coor- 
dination theory, which explained the structure of numerous complex compounds and their optical 
activities on the basis of the octahedron, which is a regular polyhedron. The study of optical 
isomers (enantiomers and diastereomers) formulated the idea of configuration as being a key 
concept of stereochemistry. Determination f the absolute configuration fmolecules of optically 
active compounds by anomalously scattered X-rays, introduced in 1951 [5], made it possible, 
for the first time, to identify dextrorotatory and levorotatory enantiomers in three-dimensional 
space. The next most essential stereochemical tegory, conformation, came into being in the 
early 1950s when conformational nalysis was shaped as a branch of stereochemistry dealing 
with the internal mobility of molecules. 
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Finally, introduction of the concept "chirality" has accomplished the formulation of the 
fundamental triad of stereochemistry. The term chirality was coined by Lord Kelvin in his 
Baltimore Lectures in 1884 and 1893, but it did not become more generally known until their 
publication in 190416]. It is well known that although this term had been introduced by a 
physicist i was revived many years thereafter tofind its utility first in stereochemistry[7], where 
the theory of chirality is developed at greatest length, and then it was extended to other fields 
of knowledge since chirality certainly has quite a general significance. 
Before proceeding to the subject matter, it is to be noted that different authors have 
developed a variety of systems describing chemical chiral structures[7,8], differing in approach, 
depth of elaboration, and scope. 
The most popular Cahn-Ingold-Prelog (CIP) system describing chiral molecules[7] has 
done great services to stereochemistry; namely, it has first systematically used the notion of 
chirality, introduced the concept of chiral elements and chirality patterns, and developed recipes 
for a consecutive naming of stereochemically complex molecules. It should be admitted, how- 
ever, that it has not brought us closer to an understanding of the genuine meaning either of 
chirality elements or configuration i its interaction with conformation. By its very orientation 
the CIP system is a pragmatic tool for inventing descriptors ather than for cognizing the essence 
of stereochemical oncepts. Characteristically, every worker concerned with the problem con- 
structs his own system virtually without any interaction with other investigators. As far as the 
present author is concerned, he is an exception only to a small degree. This appears to be 
peculiar to the current stage, where stereochemistry is mastering the ideas of nonnumerical 
mathematics. It is not yet clear whether the future will see the above concepts ynthesized to
a practicable extent or whether someone will devise a novel system that will take into account 
the experience gained by earlier workers. Certain similarity can be found with the history of 
the formation of the theory of substitution reaction mechanisms in organic chemistry. In that 
period, all previous studies were generalized by the Ingold-Hughes conception[9]. Yet the 
important distinction is that the development of that theory was possible and was accomplished 
within chemistry and using its means, thereby giving rise to a new chemical branch, viz. physical 
organic hemistry. The development of the theoretical basis of chiral stereochemistry necessitates 
the involvement of mathematical f cilities and, what is desirable, professional mathematicians. 
SYMMETRY AND CHIRALITY IN STEREOCHEMISTRY 
A complete set of symmetry elements i known to be intrinsic only to the sphere. Objects 
may be referred to as symmetrical if they retain certain elements of symmetry. For quite a long 
time, such objects have been called dissymmetric, thereby emphasizing the lack of a part of a 
complete set of symmetry elements. The term "asymmetric" should be applied only to those 
objects where not a single element of symmetry is present. All this is certainly true of molecules, 
but what is extremely important for them is a specific subset of the sets of symmetry elements, 
which is responsible for the optical activity of molecules. For a molecule to be optically active, 
it is essential and sufficient hat it cannot be superimposed upon its fiat mirror image; this 
property has been termed chirality[6]. This definition, given by Kelvin, remains the most general 
one; as to Prelog's wording[ 10], it mentions two types of motion, which is substantially redundant 
information: "An object is chiral if it cannot be brought into congruence with its mirror image 
by translation or rotation." The opposite property, that is, superimposability of an object with 
its mirror image, has become known as achirality. Chiral molecules exist as pairs of enantiomers 
which differ only in the sign of rotation of planes of polarized light. Achiral molecules do not 
possess optical activity of their own and can exhibit only the induced activity. Since chirality, 
as the definition implies, can be inherent to objects of any nature it is resonable to discuss 
chirality in the general case using sets; yet, before this is done, it seems useful to analyze special 
chemical sets, that is, sets of molecules, from the standpoint of algebra. 
ALGEBRAIC PROPERTIES OF CHEMICAL SETS[4,11] 
Let us define a complete (universal) chemical set S as the sum total of all conceivable 
chemical compounds. It is evident hat S is infinite. One and only one of two operations to be 
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called hereafter chemical addition and chemical multiplication is determined for each pair of 
the elements a, b E S. The former involves mixing of unreactive molecules; the latter, a 
chemical reaction between molecules. The set S is closed with reference to the above operations: 
a + b = (a + b), a' × b' =p + qES  
Let individual chemical compounds be called simple elements of the set S, and their mechanical 
mixtures called component elements. In the general case, multiplication is a bimolecular reaction 
with a component element, a product, being capable of including any number of simple elements 
and being concurrently the sum thereof. Special cases: monomolecular reactions (b' = 1, an 
identity element of a set) and addition reactions (q = 0). 
Let us explore whether the three principal algebraic laws are applicable. Chemical addition 
(no reaction occurs) appears to be commutative and associative: 
a + b = b + a, a + (b + c) = (a + b) + c. 
The first property is also intrinsic to chemical multiplication, since two reagents are equitable 
when interacting with each other. However, the condition of associativity is not generally 
fulfilled: 
a x b = b x a, but a × (b x c )~ (a x b) x c. 
In other words, the end result of applying two consecutive reactions to a certain substrate 
depends, generally speaking, on the order of the sequence. It will suffice to refer to classical 
rules of orientation of electrophilic substitution i a benzene ring: 
Br Br & 
I. Br, I. HNO~ -~ ( - ) 
2. HNO, 2. Br, 
Br 
NO2 
Interesting results can be derived from analysis of the laws of distributivity, which relate 
two different operations. For the set S, the first law of distributivity which holds both for the 
algebra of numbers and for the algebra of sets is not obeyed (multiplication with reference to 
addition): 
a x (b + c) = a x b +a x c, 
A fq (B UC)  = (A fqB) U (A 0 C). 
Indeed, if there is a mixture of two substances unreactive towards each other, a third reagent 
can simultaneously implicate the two species into a complex reaction, as shown below: 
\ / , \C  C / /C=C\  + ROH + Br2 / l - - l \ .  
HO Br 
This law is not obeyed whenever conjugated reactions occur. 
It should be noted that the second law of distributivity, valid only for the algebra of sets 
rather than for the algebra of numbers, is applicable to the set S (addition with reference to 
multiplication): 
a + (b × c) ~ (a × b) + (a × c), 
A U (B fq C) = (A U B) O (A U C). 
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In terms of the chemical model now being investigated, this law can be interpreted as follows. 
Addition of A to the product of the reaction between B and C yields results which are equivalent 
to that of the reaction between C and C if each of them was preliminarily mixed with A. To 
put it differently, A is required to be chemically inert with respect o B, C and B x C. But 
this is the condition which defines the chemical addition. 
It is worthy of note that in relation to the laws of distributivity, the elements of the set S 
resemble sets rather than numbers. This resemblance is, however, far from being complete. 
For instance, of the two laws of idempotency, only an additive and not multiplicative law is 
obeyed, provided the corresponding operation has been defined: 
aUa =a,  a t ' )a¢a .  
Considering a random element a ~ S as a set, let us designate all other elements of S, except 
a, as 4. It can readily be seen that the de Morgan laws are not followed: 
anb¢~U-b ,  aOb~-dn-b .  
To summarize, the behavior of the elements of the complete chemical set S differs from 
that of both numbers and sets. S is characterized by the following properties. 
1. For any pair of elements a, b E S, either of the two operations chemical addition or chemical 
multiplication is defined: a * b = p E S (the law of exception). 
2. Addition is commutative and associative: 
a + b = b + a, a + (b + c) = (a + b) + c. 
3. Multiplication is commutative and nonassociative: 
a + b = b + a, a x (b x c) ~(a  x b) x c. 
4. The first distributivity law (the algebra of numbers) is, generally speaking, not obeyed: 
a x (b + c )#a x b +a x c 
5. For any a,b,c ~ S, the second distributivity law (the algebra of sets) is followed: 
a + (b × c) = (a + b) × (a + c). 
6. The additive law of idempotency is obeyed, whereas the multiplicative and de Morgan laws 
are not. 
Some other uses of this model have been dealt with elsewhere[4,12]. In conclusion, it is 
worthwhile to note that the complete chemical set S should be described by one of the non- 
associative algebras. 
CHIRAL SETS[4,12] 
Of subsets of S, let us single out a complete chiral set ×. To this end, let us transform 
each element of the set S by an operation involving mirror images. Such a procedure gives rise 
to reflection of the complete chemical set into itself: R(S) --~ S. As this takes place, all the 
elements are divided into two nonoverlapping classes: 
R(a) ~ a E A and R(X) ~ ~ E X, 
R(~) , × E X. 
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The elements of class A--achiral--are stationary points of this transformation. The elements 
of class X are chiral and are converted into enantiomers. 
Let us call achiral any set whose all elements are stationary points in the transformation 
R. If, to say the least, an element is converted into the one not identical to itself then such a 
set will be named chiral. A nonempty set containing no achiral elements will be referred to as 
completely chiral. Using the above technique, we can break S into two subsets, whose com- 
bination is essentially A U X = S. Not all the elements of the subset A are equally related to 
X. It is expedient o single out a prochiral (see above) set P: P U A' = A, where A' is the 
achiral set per se. The relationship between these sets is schematically illustrated in Fig. 1. 
Prochiral elements can be regarded as "boundary" points of a chiral set, which do not belong 
to it. Let us use the experience of stereochemistry to provide a convenient classification for 
any chiral sets[4,12]. 
Let us call a set G enantiomeric, if 
(1) it comprises only chiral elements ×~j, and 
(2) for any ×i ~ G, ~, ~ G. 
If, on the contrary, for any ×,, a set H contains an element ~, enantiomeric with respect o it 
and there is lack of achiral elements, then it is natural to call this set racemic. According to 
the definition, G U G' = H. In this fashion, racemic sets consist solely of pairs of enantiomers. 
With reference to chiral sets in general, the concept of "enantiomerism" lends itself to broader 
interpretation than in stereochemistry. A pair of enantiomers can imply two such elements of 
a set, for whom all parameters (whose nature can be accurately ascertained for specific instances) 
coincide except for only one parameter capable of assuming either value. Such a duality can 
conveniently be denoted by plus (+)  and minus ( - )  (without any association with optical 
rotation). In this form, the picture of enantiomerism of chiral elements is of the greatest 
generality. 
When for each element of a chiral set, two or more parameters can take up either value, 
diastereomeric sets result. On the other hand, the only variable parameter can assume n > 2 
values. Consider one type of such sets. Let a set consist of groups of elements--clusters--for 
which there exist an operation T. Successively applying this operation n - 1 times to any 
element, it is possible to obtain all the n elements making up a cluster: 
T~"-l~(al) = an. 
Such sets can be termed cluster sets of the rank n. When n = 2, enantiomeric pairs result; T 
stands for the operation involving the mirror image in a plane. Thus, racemic sets are essentially 
cluster sets of rank 2. The cluster sets of higher ranks are obviously of less concern for 
stereochemistry. It is noteworthy, however, that what is involved in the general case is a variety 
of options rather than duality. 
Now divide a racemic set containing N pairs of elements into two subsets o as to prevent 
any pair of enantiomers from falling into the same set. As a result, a pair of enantiomeric subsets 
Fig. 1. Chiral molecule of hexahelicene (one enantiomer). 
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will be produced. Such selection of one element from each pair can be carried out by 2 N- ' 
techniques, Are all these breakages quivalent to one another? Analysis of the combination of 
values AZ# (absolute configuration), the only parameter that has the plus or minus ign, reveals 
the single breakage where all the elements belonging to the same subset are identical in sign. 
This, however, can be of no special consequence. The breakage referred to above does fun- 
damentally differ from all others provided there is a genetic linkage between all the elements 
labeled A2 rather than an accidental coincidence. The presence of such a linkage is equivalent 
to meeting the condition of homochirality introduced by Ruch. If homochirality does occur, 
then the above single breakage gives a configurational series. The foregoing discussion has no 
bearing on any structural model and is consequently of a general nature. A better insight into 
homochirality and configurational series can, however, be obtained by treating some specific 
chemical materials. If the chiral elements of sets involve molecules in relation to which the 
form of a coordination polyhedron of the chiral atom is known, then the existence of the 
configurational series is associated with fulfillment of the Ruch theorem[8]. 
THE RUCH THEOREM AND HOMOCHIRALITY 
A molecule can be represented asa certain molecular skeleton with ligands attached to it. 
All common molecular skeletons are achiral, as are the molecules with all similar ligands. 
Chirality occurs provided some achiral igands are dissimilar; chirality conditions of different- 
ligand molecular polyhedra re discussed elsewhere[4]. 
In the Ruch theory[8a], a parameter h corresponds to each ligand and numerically char- 
acterizes certain properties related to chirality. The chirality of the whole molecule is described 
by a continuous function of the parameters of all ligands X (h  t . . . . .  hn). The × specifies the 
chirality of a molecule. The definition suggests that for achiral molecules, the chirality function 
should vanish. Yet this model tells nothing of whether the X function has zeros of different 
types that would correspond to chiral molecules. 
It has turned out that the classes of molecules of both categories do exist, namely, chiroids 
a without chiral zeros and chiroids b with chiral zeros. 
The Ruch theorem 
A class of molecules belongs to category a only in one of the following cases: 
(1) in the molecular skeleton there are only two sites intended for ligands; 
(2) the number of such sites is n > 2, but the group of skeleton symmetry contains ymmetry 
planes each of which has n-2 skeleton sites intended for ligands. 
All other classes of molecules fall into category b. The concept homochirality relates only 
to chiroids a, and the arrangement of configurational series is meaningful for them; whereas 
for chiroids b, their meaning is of purely nomenclature and descriptor natures. 
The Ruch theory has demonstrated that he concept of stereochemical absolute configuration 
formulated and valid for tetrahedral molecules cannot be mechanically extended to all other 
polyhedra. As in the case of tetrahedron Td,~ it has the very same meaning for chiroids of class 
a, which also comprise a distorted tetrahedron, disphenoid C2v, and a trigonal bipyramid D3h. 
As regards all other molecular polyhedra, homochirality does not exist, and consequently 
a stereochemical nomenclature (say, for octahedral molecules) is of no greater importance than 
is a set of descriptors to name a molecule. 
Prochirality and pseudochirality 
Classification i to chiral and achiral molecules turns out to be insufficient in some respects. 
Not all achiral molecules happen to be identical in relation to conversion into chiral species by 
successive structural modifications. It was found expedient to single out the submasses of achiral 
tThe reason for which this symbol has been chosen will become clear later. 
:[:Indicated is a point group of molecular skeleton symmetry identical to a skeleton group with the same ligands. 
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molecules that can be converted into chiral ones through a single replacement. In 1966 Han- 
son[13] defined the notion "prochirality" as follows: If the replacement of one point ligand in 
a restricted achiral set of point ligands by a new point ligand gives rise to a chiral set, then the 
original set is prochiral. Prochiral is that part of achiral that is separated by one step from chiral. 
More recently, the notion "the length of the chiralization way", ix, of an achiral object was 
introduced[14]. It stands to reason that for a prochiral molecule it is minimum, ~ = 1, for 
example, for CH2XY, whereas for CH3 x and CHzX2 ~x = 2, and for CH 4 Ia, = 3. Prochirality 
finds its principal utility in connection with the studies of enantiotopism and diastereotop- 
ism[ 15,16]. 
The presence in a molecule of more than one chiral moiety gives rise not only to diaster- 
eomers but also to some new options. The following molecules containing two chiral and 
enantiomeric l gands at the tetrahedral tom are achiral diastereomers because there is a symmetry 
plane passing through achiral ligands a and b and the central atom which is a pseudochiral 
center: 
a b b. a 
The problem of pseudochirality was discussed elsewhere[ 17,18]. 
Chiral and achiral point groups of symmetry 
Thus the mirror image operation is employed to classify objects into chiral and achiral. In 
this content, it is worth recalling that as far back as the late 19th century Wulff[19] considered 
the symmetry plane to be the principal element of symmetry, it is apparent that the set of 
symmetry elements of chiral objects (molecules) cannot incorporate r flection relative to a plane. 
The set of all symmetry operations of a given figure makes up a point group of symmetry, 
whereas all symmetry elements meet at the same point, which remains undisplaced in all 
symmetry transformations. The action of symmetry point groups having only axes of rotation 
C, and D, gives rise to objects that cannot be superimposed upon their mirror images: these are 
chiral point groups as also are more complex and rare T, O and I. A special case (group G)  
involves truly asymmetric molecules devoid of other symmetry elements except identical trans- 
formation E; Fig. 2 illustrates the ratio of various molecular types to the corresponding point 
groups of symmetry. The action of mirror axes brings an object into congruence with its mirror 
image, which accounts for the achirality of point groups Sn. Since axes S, are equivalent to a 
symmetry plane at n = 1 and to an inversion center at n = 2, the symmetrical criterion of 
chirality can be worded as follows: a molecule is chiral if it has no mirror axes S,. One can 
suggest he "tree" of Fig. 3 for identifying~the point groups of symmetry, which unlike the 
one suggested in [20] allows primarily for chirality. 
In stereochemistry, there are two concurrent approaches tothe analysis of molecular chir- 
ality. The former is based on point-group symmetry, while the latter is based on the elements 
of chirality[7] such as center, axis, and plane. The symmetry-group a proach would seem to 
be quite consistent, but has substantial disadvantages from the viewpoint of practical application. 
Molecules differing widely in structure may fall into the same large class of molecules uch as 
C1, whereas tructurally similar molecules frequently belong to different classes, as shown 
below. At the same time isomers of different topology may belong to the same point group, as 
exemplified by MA2B2 molecules: 
A B A B 
N / 
• C2vtetrahedral: \M""  . C2~. planar-square: 
A/MNB ' A / ~B 
This disadvantage has been overcome through a new symmetry-group notation proposed 
by Pople[21 ]. It provides aunique code for each molecule, but perhaps is somewhat cumbersome 
for routine application. The advantage of the approach based on chirality elements i  that it is 
more intimately related to molecular structure, while its drawback is lack of definition of chirality 
CAMWAI 2 : 3/4B-D 
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Fig. 2. TBP, case 4, 11223. 
elements. A recently suggested (by the author) novel interpretation of the meaning of chirality 
elements, stemming from the geometric theory of chirality, will be treated below. 
Conformational space of molecules 
A molecule is a set of all attainable conformations or in other words, a molecule is a set 
whose elements are conformations[4]. Conformation is an instantaneous picture of a molecule, 
its mode of existence at a certain instant of time. It is assumed that the boundaries of the area 
wherein the molecule itself exists are available, definable, and known. This signifies that it is 
known how and to what extent he internal coordinates of the molecule can be changed, leaving 
its wholeness unaffected. It has long been known that conformations vary in reactivity; those 
conformations whose proportions in a population is small are frequently more active. We cannot 
restrict ourselves to the several most common conformations. A molecule should be thought of 
as being a complete sum total of possible conformations. A set of the molecule's conformations 
is infinite, continuous, and it represents the conformational space of the molecule. The con- 
formational space of the molecule, with an operation assigned to it (a certain type of confor- 
mational motion) meet the requirements placed upon topological space and satisfy axioms for 
metric spaces. An infinite graph whose vertices are molecular conformations corresponds to 
conformational space, while with continuous conformational space this graph is connected. 
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Fig. 3. Stereochemistry-oriented tre  of symmetry point groups. 
Clearly, various molecules, including structural isomers, form different and nonoverlapping 
conformational spaces. However, stereoisomers, that in contrast o structural isomers have a 
similar arrangement of atomic bonds, are topologically similar and should be part of the same 
conformational space, because, in principle, enantiomers can be interconverted by continuous 
conformational conversion without bond rupture.i In a sense, stereochemistry imposes more 
stringent requirements on objects than does topology, for, resting on chirality, it discovers an 
important distinction between enantiomers; yet the same conformational space is shared by a 
pair of enantiomers. 
We shall now deal with some special cases which will emphasize the importance of the 
condition of conformation attainability in the above formulation. Conformational space, or 
diversity, corresponding to a cyclic molecule, represents a connected region incorporating all 
conformations attainable by a molecule without bond rupture. It is well known, however, that 
a fairly large cycle makes possible the existence of a knot molecule which is quite stable and 
gives a connected conformational region of its own. Relative to a simple monocycle, the knot 
molecule is a possible but in no way (without bond rupture) attainable conformation. From the 
perspective of conformational motions, there are no foregoing states for the knot molecule in 
the conformational region of the monocycle. In some fields of knowledge, such a situation is 
known as "Eden's garden" and can be formalized as follows: 
m>P 
G(m) ) G](m) LJ G2(m), Gl(m) f') G2(m) = J~. 
Thus, the conformational space of a cyclic molecule, when the magnitude of the cycle 
exceeds ome critical value, breaks into two regions lacking common points and corresponding 
to two topological isomers[23]. According to the definition given in [23], true topological 
isomers are invariably in "Eden's garden" with respect to each other. The following equation 
describes the occurrence of catenanes when there is a rise in the size of two monocycles: 
G(m,n) "'">q Gj(m,n) LJ G2(m,n), G(m,n) fq G2(m,n) = ~. 
Incidentally, we remark that p >> q. However, for rotaxanes, which are close to, virtual ana- 
logs, of catenanes though lacking a true topological linkage, an equilibrium between isomers 
tAt this most general stage of analysis, we shall not be concerned with the energetic characteristics of linkages 
and processes. 
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(chain + ring ~ rotaxane) is possible and has been observed. In this case, 
Gl(mr,n c) f3 GE(mr,n c) =Bm (r = ring, c = chain, B = boundary). 
It may be assumed that other Eden' s gardens of energetic rather than topological origin 
are likely to exist; namely, a local minimum on an energy surface, surrounded by an energy 
barrier whose height makes it virtually insurmountable without bond rupture. Both aspects, 
topological and energetic, are present in a case which has not as yet been realized, namely 
when an isolated atom is included into the internal region of a polyhedral hydrocarbon molecule. 
CHIRALITY, CONFORMATION, CONFIGURATION, AND THEIR INTERRELATIONSHIP 
Whatever has been earlier said about chiral sets is certainly applicable to the sets of a 
molecule's conformations, where chiral and achiral subsets can be singled out. Importantly, 
chiral conformations basically cannot occur for some molecules, namely, di- and triatomic 
molecules invariably lying in the same plane. The conformational diversity of such molecules 
as benzene, ferrocene, or cyclopropane virtually lacks chiral conformations because confor- 
mational motions leading toward them are energetically unfavorable. In the conformational 
diversity of an achiral molecule, chiral conformations may occur only as enantiomeric pairs. 
The foregoing suggests that conformations should be treated as a primary notion, and 
chirality as a certain attribute of a set of conformations. Configuration can be defined only for 
this (chiral) subset. The situation is summarized in Fig. 4. In practice, what differentiates one 
enantiomer f om another is the sign of optical rotation at a selected wavelength. Using purely 
chemical means, it is impossible to assign a given enantiomer (of a tetrahedral molecule) either 
absolute configuration (A2), that term used to mean the "handedness" of an enantiomeric 
molecule in three-dimensional space.t For this reason, numerous correlations of relative con- 
figurations performed before the mid-20th century had recognized the relationship of config- 
urations of distinct molecules with the configuration of a standard chosen at random (glycer- 
aldehyde). Determination o f /~  has become possible only beyond the scope of a chemical 
system, which vividly demonstrates the validity of the G6del theorem in the field of stereo- 
chemistry[4]. 
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Fig. 4. The hierarchy ofstereochemical fundamentals. 
tThe author uses the word "configuration" solely in the sense of stereochemical absolute configuration. For this 
reason, as the definition suggests, configuration .~is valid only for chiral, even homochiral molecules and confor- 
mations. 
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The problem of configuration in organic stereochemistry primarily encompasses molecules 
with tetrahedral chiral centers as well as with other chirality elements, such as axis and plane. 
Having clarified the situation with other molecular polyhedra, the Ruch theorem has convincingly 
demonstrated that all other polyhedra, except a trigonal bipyramid D~h, belong among chiroids 
of class b for whom configurational series do not exist.t 
This circumstance can be briefly noted in a quantor form as follows: 
VM×{M E r~, D~h} 3 ,~C, 
to be read, Stereochemical configuration§ exists for all chiral molecules with the skeleton of a 
tetrahedron or trigonal bipyramid. 
Configuration in a trigonal bipyramid 
For molecules in the form of a trigonal bipyramid, configuration should therefore be 
determined. In a tetrahedron Td, four different ligands form one pair of enantiomers, while all 
other combinations of ligands form one achiral isomer. In a trigonal bipyramid (TBP) D3h, five 
ligands are broken into two different classes: apical (two) and equatorial (three). If all five 
ligands are different, then C~ = C] = 10 pairs of enantiomers are possible; other combinations 
involving ligands are shown as examples below (see Fig. 2): 
Case 1, 11234: four achiral diastereomers$ (11)(234), (23)(114), (24)(113), (34)(112), and three 
pairs of enantiomers: (12)(134), (13)(124), (14)(223). 
Case 2, 11123: four achiral diastereomers (11)(123), (12)(113), (13)(112), (23)(111). 
Case 3, 11112: two achiral diastereomers (11)(112), (12)(111). 
Case 4, 11223: four achiral diastereomers (11)(223), (22)(113), (13)(122), (23)(112) and one 
pair of enantiomers (12)(123). 
Case 5, 11122: three achiral diastereomers (11)(123), (12)(112), (22)(122). Only case 4 resem- 
bles a tetrahedron in that there is a single pair of enantiomers, though in addition to four 
achiral diastereomers. 
THE GEOMETRICAL THEORY OF CHIRALITY[22] 
Since chirality represents a general phenomenon, it would be appropriate to divert oneself 
for a while from molecules and focus on infinite chiral structures. In terms of methodology, 
there must be cases (and, indeed, they are not uncommon) when it is easier or only possible 
to deal with some problems if one utilizes a broader approach and addresses a wider combination 
(including the case where the problem to be discussed has arisen). Such an approach as been 
formulated in the general theory of systems and constitutes a characteristic features of what is 
known as "systems analysis." A theoretical foundation is furnished by the G6del theorem of 
incompleteness of logical systems which we have referred to earlier in connection with the 
problem of determining absolute configuration. 
Thus, to get more penetrating insights into chirality, let us raise a problem: how to determine 
chiral structures, figures of (n - 1)th dimensionality, which fill in an isotropic continuum R". 
Putting it another way, we are searching for a way to chiralize isotropic straight line R ~, plane 
R 2, space R 3, and hyperspaces R', 
The existence of chiral helicene molecules (Fig. 1), which are essentially fragments of a 
helical (spiral) surface realized in a molecular material, prompts us to complete the filling of 
space R 3 with a chiral two-dimensional figure. Parametric equations for a helicoid are 
X = acosq~, y = asinq~, z = F(a) + hq~ ( -oo<a< +~). 
tThis, however, does not imply that a question cannot be raised concerning the stereochemistry of a specific 
reaction. An individual reactive act can occur with or without retention of a "configuration" ofa center if the entering 
ligand occupies or does not occupy the site of the leaving ligand. 
§In Ruch's sense. 
~.Here the definition is followed by diastereomers a e nonenantiomeric stereoisomers, which seems to be new 
and is valid for TBP. The notation applied to TBP isomers i  (aa)(eee). 
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If a straight line chosen arbitrarily but perpendicular to a fixed axis slides along this axis 
following the above law, with h ~ 0 and a ~ oo, then space R 3 will be filled by the resulting 
surface of the helicoid, the meaning of chirality (the absolute configuration of a propeller) being 
determined by the direction of sliding, that is, by the sign. 
Analogously, plane R 2 is chirallyt filled in by Archimedean spiral (Fig. 5): 
x = aq~ cos ~p, y = aq~ sin q0. 
It is evident hat when a ~ 0 the distance between the adjacent coils of the spiral becomes an 
infinitesimal quantity. It is worth noting the continuity of both the surface of the helicoid and 
that of Archimedean spiral. Continuity, however, cannot be retained when a chiral sequence 
of points (Fig. 5) fills an infinite straight line R ] satisfying the law 
r = aq~ sin q~. 
Interestingly, the other coordinate present in the Archemedean spiral equation, namely r = aq0 
cos q~, leads at R I to an achiral sequence of points (if the multiplicity of the zero point is 
ignored) which has an inversion center at r = -½. This suggests that the chiral filling of 
continua R" by the figures of (n - 1)th dimensionality is also possible for n > 3 if a sinusoidal 
coordinate is retained. 
It is to be emphasized that the chiral filling of isotropic continua R n is characterised by an 
all-important property; namely, filling of the n-dimensional isotropic space R" by a chiral (n 
- 1)-dimensional figure necessitates the presence of a special (n - 2)-dimensional figure to 
be "coi led" by the filling figure. For instance, a cylindrical helicoid fills in R 3 having, as an 
axis, a special straight line, while Archemedes' spiral fills in R z having a special point as the 
tHere is meant the chirality on a two-dimensional plane relative to a strai$1at line, and furthermore the chirality 
on a one-dimensional (straight) line relative to a point. 
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Table 1. Interrelationships between the dimensions of the isotropic space, the chiral filling figures and the 
singular achiral figures 
The corresponding 
Isotropic space Its The chiral Its singular achiral Its 
to be filled dim. filling figure dim. figure dim. 
Straight line 1 sinusoidal 0 multiple zero point less than zerot 
succession 
of points 
Plane 2 Archimedean 1 point (center) 0 
spiral 
Space 3 helicoidal 2 straight line (axis) 1 
surface 
Hyperspace 4 helicoidal 3 plane 2 
space 
N N- I  N -2  
Assigned because of the multiplicity of the zero point. 
spiral center. The filling of W by points according to the above chirality law also requires the 
presence of a central zero point which is characterized by its multiplicity. It is quite likely that 
this regularity also holds for hyperspace R4 whose chiral filling by helical three-dimensional 
space requires a two-dimensional p ane as a special element of the whole system. Such a situation 
can logically be also extended to larger n, but this has no bearing on the stereochemistry of
molecules. It is understood that all these special elements of chiral systems represent achiral 
continua. The general pattern is as follows: n-dimensional isotropic space is filled in by an 
(n - 1)-dimensional chiral figure having a "special" (n - 2)-dimensional achiral figure. 
These relations are presented in Table 1. 
The foregoing analysis leads to an understanding of the true meaning of chirality elements. 
A remarkable role played by achiral special figures of lower dimensionality ~n the chiral systems 
of higher dimensionality suggests that it is "chirality elements" in stereochemistry (which in 
themselves are well known to be achiral and hence look like semantic nonsense) that are the 
achiral special components of the chiral systems of higher (2 units higher exactly) dimensionality. 
Specifically, a "chirality plane" is an achiral element of a chiral structure in hyperspace R4. 
The epithet "chiral" as applied to center, axis, and plane is used as a sign indicating a retained 
relation to chiral structures of higher dimensionatity, whose substantial part they constitute. 
Consider now some transitions between chiral structures in spaces of varying dimensional- 
ities. If the abscissa nd ordinate of a cylindrical helix whose equations have been given above 
are multiplied by ~, leaving the applicate unaffected, then the equation of a conical helix results, 
the latter lying on the surface of a right circular cone and exhibiting a "chiral center" along 
with a "chiral axis." Addition of the condition - ~ < a < + ~ enables one to go from a helix 
to a surface helicoid. Notice that the conical helical surface does not fill in all of the space, 
leaving unoccupied a plane orthogonal to a singular axis and passing through a singular point- -  
the vertex of the cone, or the center. 
Projection of the conical helix onto the above plane gives a Archimedean spiral, which 
when projected onto the ordinate axis leads to a straight line occupied by points according to 
the aforementioned chiral law. Since this procedure is by and large reversible, it is possible to 
reconstruct an n-dimensional picture starting from the (n - 1)-dimensional one. For example, 
to change from Archimedean spiral to a conical helix requires the addition of a third coordinate, 
the applicate, passing through the center. It is felt that a similar operation makes it possible to 
change from a cylindrical helical surface to helical 3-space filling in four-dimensional hyper- 
space R 4. 
As opposed to a conical helix, a cylindrical one, when projected onto the plane orthogonal 
to the cylinder axis, gives the circumference of infinite multiplicity (Fig. 6). Similarly, a 
cylindrical helicoid, when h ~ 0, results in an infinitely multiple plane cr (Figs. 6, 7). An 
opposite limiting process, h ~ ~, gives an infinite set of planes or' that contain a cylinder axis 
and are orthogonal to plane or. A concurrent operation A ~ 0 tying up plane cr to the axis will 
give a single point. This process can be looked upon as a consecutive reduction of virtually 
chiral space (that is, isotropic R 3, chiralized as described earlier, and even R 4) to a "chirality 
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plane," then to a "chirality axis," and, finally, to a "chirality center." In other words, chirality 
elements hould be treated as the results of successive stages in the "convolution" of chiral 
space as dimensionality decreases.t 
In the light of this conception, the ambiguity of identification of the chiral plane becomes 
understandable, for its position depends on the implicit operation of dechiralization of the 
molecule being analyzed. To illustrate, let us take the rr-complex of a metal in whose cyclic 
ligand all substituents are not identical. Dechiralization can be accomplished by two basically 
different techniques, as shown below (Fig. 7). 
(1) Removal of the rr-complex-bound metal with retention of a planar chiral igand whose plane 
(r plays the role of a chiral plane. 
1 1 M 1 M 
5 2 5 2 o" o"l," q 
Fig. 7. 
tA suggestion has recently been made[24] concerning a hypothetical mechanism of the formation of a chiral carbon 
in the form of a helicoid surface winding around some axis due to an incomplete graphitization of other metastable 
modifications of the carbon. 
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(2) Coincidence of any pair of substituents in the ligand, which results in several (five in this 
specific instance) planes. 
In full accordance with the above analysis, all planes cr' are orthogonal to or. The definition of 
chirality axis or chirality center is free from such ambiguity.~ 
THE NOETHER THEOREM AND CONFIGURATION 
The conformational space of a molecule consists of several chiral and achiral zones; chiral 
zones have achiral boundaries. If an achiral zone is continuous, that is, the chirality function 
does not alter the sign inside the zone, then as a consequence of the Noether theorem, an 
invariant exists on this subset. The role of the function is played by chirality, which vanishes 
on the zone boundary. In physics, the Noether theorem is responsible for the existence of state 
functions. Similarly, in stereochemistry, it requires the existence of the invariant incidental to 
the continuous zone of chiral conformations, having an achiral boundary. If the chiral zone is 
not continuous, it means that inside it there occurs a jump reversal of the sign of the chirality 
function without going through zero, that is, the condition of homochirality is not fulfilled. 
Thus, configuration turns out to be an intersection of the scope of three important theorems. 
(1) The Noether theorem establishes the existence of the invariant incidental to the continuous 
zone of chiral conformations, that has an achiral boundary. 
(2) The Ruch theorem indicates the types of molecular structures for which precisely these 
zones exist. 
(3) The Grdel theorem states that configuration cannot be determined by purely chemical means 
but it can be determined via the addition of approaches employed in some other science 
(X-ray diffraction analysis, for instance). 
Configuration as a function of a simple structural argument 
It is felt that stereochemical configuration as a higher member in the above-mentioned 
hierarchy of fundamental notions can be derived as an analytical function of some argument 
which is characteristic of each conformation. It may be recalled that conformation is at the 
lowest level of the hierarchy. 
When being considered as a function, configuration may assume three values, such as ( + ) 
and ( - ) for enantiomers and 0 (zero) for achiral objects. This area coincides exactly with the 
area of values for the well-known function signum (sgn) used in mathematics. This suggests 
its use in the analytical derivation for stereochemical configuration as follows: 
A~ = sgn[sin ~], 
where ~ is the simplest structural characteristic of a given conformation that is a dihedral angle 
(as shown in Figs. 8 and 9) for all cases wherein the homochirality does exist, namely, planar 
and axial types of chirality, and chiral centers in tetrahedrons and trigonal bipyramids. 
CONCLUSIONS 
There are some other topics in stereochemistry that have a bearing upon the problems dealt 
with in the present edition. Among these, for instance, is a popular problem concerning the 
origin of optical activity in Nature and, to be more precise, the issue concerning the cause of 
the existence of natural chiral molecules in the form of unequal quantities of enantiomers and, 
normally, in the form of an exclusively single enantiomer. The majority of workers concerned 
with this problem are inclined to search for the cause in the chirality of a certain sign of various 
5In the earlier version of the CIP system[7b], itsauthors insisted on the concept of chirality center that will not 
coincide with any atom, using an example, adamantane with four substituents at the bridgehead position. However, 
this example can be treated as successfully and more logically as a system comprising four chirality centers arranged 
as a tetrahedron. Since four points allow a single tetrahedron to be built, such an arrangement provides for the existence 
of only two enantiomers rather than 2 ~ as with independent centers. 
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irradiations and, in the final analysis, they relate this problem to nonretention of parity in some 
nuclear processes. Magneto-optical effects or chiral liquid crystals can make their contribution 
to the discussion of the effects produced by a variety of chiral factors. In this paper, I tried to 
dwell on the problems I have personally been concerned with. 
In his book, referred to above time and again[l], Weyl, writing about such figures as 
triquetras and swastikas, says that the source of the ideas of the magic power of these images 
seems to lie in the exciting effect of incomplete symmetry--rotations without reflections. Perhaps 
the point is that such a type of symmetry suggests a motion in a certain direction resembling 
that of a rolling wheel, and thereby "negating rest," which is intimately associated with the 
perception of combinations of symmetry, including a mirror plane. In any event I am willing 
to admit hat the contemplation f a chiral molecule xhibiting incomplete symmetry and capable 
of rotating a polarized-light plane arouses an aesthetic feeling in me. This is one of the factors, 
at least for me, that makes stereochemistry so fascinating. 
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